Introduction
Since flow-injection analysis (FIA) can obtain good precision and sensitivity with simple operation, many applications have been developed. Various detectors, such as absorbance, fluorometric 1 and electrochemical 2 methods, have been used in FIA. The former is the most popular because of their versatility and easy configuration. Noise reduction is important for the absorbance detectors, because the noise generated by pumping and that caused by a difference in the refractive indices between the reagents and the sample zone severely affect the detection limit and the precision of the measurements. These noises can be reduced by measuring at the analyte absorbing wavelength, and at not (or less) absorbing wavelength simultaneously, and by using the difference between them. 3, 4 This technique was also used in HPLC. 5 Photo-diode array detectors are generally used to carry out multi-wavelength measurements. 5 The usual light source coupled with multiple interference filters was also used. 4 Meanwhile, an LED is suitable as a light source of an absorbance detector, because of its compactness, robustness, high efficiency, monochromaticity, and so on. 6 Above all, since their low cost is very attractive, LEDs are widely used in FIA. 3, [6] [7] [8] Though a single-channel detector using an LED is simple, 7, 8 by using multiple LEDs, multi-channel absorbance detectors can be easily made. Usually, pulse driving of LEDs and sequential (time division) detection were used for discriminating the signals. 3, 6 On the other hand, lock-in amplifiers have been used to separate the fluorescence from the ambient light. 9 In present work, we used a multi-channel lockin amplifier to discriminate signals from four LEDs. Generally speaking, lock-in detection requires more cost compared to a sequential one, but is immune to noise. Moreover, the phase detector modules that we used were not expensive. LEDs were driven by different frequencies (5.4 -9.6 kHz), and their signals were detected by a photo diode (PD). In a previous study, although we used the same source modulation technique, the signal discrimination was performed by a fast-Fouriertransformation (FFT). 10 Since the detector was used for batch measurements, a higher time resolution was not required. However, in the case of FIA, because more calculations are necessary to process the continuous data with FFT, lock-in detection is preferred.
An inexpensive and compact detector was constructed and applied to the determination of iron in river water samples by FIA with 1,10-phenanthroline. An inexpensive, but noisy, peristaltic pump was used to propel the solutions, and the effect of noise reduction by absorbance subtraction and moving averaging was demonstrated.
Experimental

Electronics and software
A block diagram of the detector is shown in Fig. 1 . All LEDs used were of the high-brightness type (listed in Table 1 ). An LED driver consisted of oscillators using CMOS inverters (Toshiba, 74HC04) and current drivers using transistors (Toshiba, 2SC1815). The frequencies of the oscillators were different from each other (also listed in Table 1 A four-channel absorbance detector was developed for simplifying the flow-injection analysis (FIA). This detector used four light-emitting-diodes (LEDs) as light sources; their wavelengths were 470, 495, 590 and 635 nm, respectively. Their amplitudes were modulated electronically with different frequencies. The light emissions from them were merged by plastic-core fiber optics, and were detected by a photo-diode (PD). The mixed signal was then sent to and discriminated by a four-channel lock-in amplifier corresponding to each modulation frequency. Neither a monochromator nor an optical filter was used. This detector was conveniently applied to the determination of iron in river water by FIA using 1,10-phenanthroline. Though a noisy peristaltic pump was used to propel the solutions, practical precision and accuracy were obtained by means of on-line dual-wavelength measurements and off-line moving average calculations.
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silica glass lens ( f = 90 mm, 25 mm in diameter). Light emissions through a flow-through cell (Nihon quartz glass, T-500M-ES-10-E; optical path length, 10 mm) were converted to a mixed signal by a photo-diode (PD, Hamamatsu Photonics, S2386-45K). After being amplified by an operational amplifier (Motorola, LF356), the signal was distributed to a four-channel lock-in amplifier constructed with four-phase detectors (NF Corporation, CD-505R2). 11 Since each lock-in amplifier was fed a reference signal by the LED driver, it detected the signal only corresponding to each LED. The time constant of the lockin amplifier was set to 10 ms. These signals were sent to the PC through a laboratory-made four-channel analog-to-digital converter using Maxim AD574, and the absorbance at each LED was calculated and displayed. Software for the PC was written in Borland C++ Ver 5.0 on MS-DOS. The software for the measurement has the following features: to specify the sampling rate (10 samples per second at fastest), to display the 4-channel absorbance graphically up to 7200 points, to display the difference in the absorbance between two channels specified by the user, and so on. The sampling rate was set to 1 sample per second throughout the experiments in this work. On the other hand, the software used for the calculations has the following features: to display the absorbance of a sample and a reference LED, their difference and the moving average with user-specified point numbers, to calculate the peak height with a baseline correction by specifying the points before and after the peak, and so on. Thus, an on-line dual-wavelength measurement and an off-line moving average can be feasible.
Manifold
A block diagram of the manifold is shown in Fig. 2 . The peristaltic pump was ATTO SJ-1220 and had three channels. 
Reagents and samples
All of the reagents used were of analytical grade. An iron standard solution, 1000 mg dm solutions were prepared by diluting the required quantity with water.
A carrier solution was prepared by diluting 12.5 cm 3 of a 4 mol dm -3 sodium acetate solution and 2.1 cm 3 of concentrated hydrochloric acid to 100 cm 3 with water. River-water samples were collected at Nigori-river flowing in Kofu City, Yamanashi Prefecture, Japan. Just after collection, the samples were acidified by concentrated hydrochloric acid to 0.25 mol dm -3 . They were then filtrated with a 10 µm pore PTFE membrane filter after being brought back to the laboratory. Into a 25 cm 3 measuring flask, 3.1 cm 3 of a 4.0 mol dm -3 sodium acetate solution was added. Acidified river water was then added to the mark.
Flame atomic absorption spectrometer
A flame atomic-absorption spectrometer (FAAS, Hitachi 180-30) was used to confirm the accuracy of the FIA determination. Its measurement conditions were as follows: wavelength, 248.3 nm; hollow cathode lamp current, 7.5 mA; slit width, 0.2 nm; acetylene gas and air pressure, 2.9 × 10 4 Pa and 1.6 × 10 5 Pa, respectively.
Results and Discussion
Evaluation of the detector with a Methylene Blue solution
Using a 0 -100 µmol dm -3 Methylene Blue (MB) solution, the linearity and precision of the detector were tested. The injection volume was 50 mm 3 and the absorbance was measured at a red LED (645 nm). To remove any resident MB on the tube, 100 mm 3 of 0.1 mol dm -3 hydrochloric acid was injected after each sample injection. The obtained calibration curve was linear over this range, the equation was Abs = 1.34 × 10 -2 [MB/µmol dm -3 ] -1.6 × 10 -2 , and the correlation coefficient was 0.999. In three replicated measurements, the standard deviations were less than 3% over this range. Considering these results, we judged that this detector could be applicable to the quantitative analysis of real samples.
Effect of noise reduction and analytical figures
Because a relatively noisy peristaltic pump was used, the baseline of the flow signal was not stable enough, and the injection shock by the syringe was also fairly large. Therefore, some noise-reduction technique was necessary for precise and accurate measurements. In this work, a dual-wavelength monitoring method by exploiting the merit of a multi-channel detector and moving average calculations were examined. In the dual-wavelength monitoring, absorption of iron chelate was measured at a green LED (495 nm), and the reference signal used for noise reduction was measured at a red LED (645 nm). The difference between them was used for a calibration, and was subjected to moving-average calculations. The moving average is a method used to smooth noisy signal. The average absorbance at a specific point in the flow signal is determined Color Manufacturer /nm MF/kHz λ Type by using those of several points before and after the point. In this experiment, the number of average points was set to 17, which means that 8 points each before and after the point were averaged. The calculation was made by laboratory-made software automatically after the measurement. Because the sampling rate was 1 sample per second, data for 17 s were averaged.
As can be seen in Fig. 3 , the noise caused by the pumps was observed on both sample (A) and the reference signals (B). Moreover, peaks indifferent with the sample concentration were observed on the reference signal. This might have been caused by injection shock and/or slight difference in the reflective indices between the sample and the carrier solutions. These peaks were also observed on the sample signal. Though they were effectively removed by reference signal subtraction, pump noise with a high frequency component remained (C). This noise was completely removed by the moving average (D). If too many points are used for average, the peak shape will be distorted. In this case, no peak distortion was observed. Therefore, this point number would be optimal for this determination.
Calibration curves obtained by the respective stages are tabulated in Table 2 . The precision, linearity and limit of detection were improved by reference signal subtraction and the moving average.
Determination of iron in river-water samples
The determination results of iron in river-water samples are listed in Table 3 . The results of the FIA were in good agreement with those of FAAS. When signal processing was used, it was easy to identify the points before and after the peak, although a good accuracy was attained without it.
Conclusions
A multi-channel absorbance detector for FIA with four LEDs and lock-in amplifiers was developed. This detector was successfully applied to the determination of iron in river-water samples. By dual-wavelength measurements and movingaverage signal processing, analytical figures, such as the precision and the limit of detection, were improved. It is expected that the detector becomes much smaller if more compact electronic parts are used. Thus a field analysis would be feasible with portable pumps. 
